Structure of calmodulin in solution was studied by measurements of the far UV CD spectrum.
The CD spectrum of Ca?+-saturated calmodulin obtained at pH 7.0 was superimposed on the one at pH 5.6. Therefore, the structure of calmodulin at pH 7.0 may be identical to the crystalline structure determined at pH 5.6.1) The of-helix content of Ca`'+-free calmodulin was 18% lower than that of CaJ+-saturated form and was decreased by further 19% when NaCI was removed from the solution.
The NaCI-dependent changes in a-helix content of Ca'+-free calmodulin was not remarkable after tryptic cleavage at the middle of the central a-helix connecting N-and C-domains. Positive charges are concentrated around the trypsin sensitive region and the charges may be neutralized by NaCI, which may function to maintain the helical structure of central rod. Two residues with a positive charge are eliminated by the proteolysis which may release the repulsive force. The latent flexibility of the central a-helix may be important for the multiple target activation mechanisms of calmodulin.
Introduction. In 1982 Drabikowski et al. established a tryptic digestion method to yield N-and C-terminal halves of the calmodulin molecule.9) Minowa and Yagi3) purified each fragment of scallop calmodulin designated here as F12 and F34, respectively. Both F12 and F34 retained 2 Ca?+ binding sites with the affinities indistinguishable from those in calmodulin. Ikura et al. reported on the basis of measurements of 111 NMR spectrum that simple addition of the spectra of two fragments yielded the spectrum of calmodulin.4~ Therefore, it has been indicated that the tertiary structures of the fragments F12 and F34 were apparently identical to those in calmodulin.
These results were well explained by the three dimensional structure of calmodulinl~ in which N-and C-domains, corresponding to F12 and F34, respectively, were separated with a single 8 turn a-helix.
On the other hand, Minowa et al.>> reported that isolated fragments F12, F34 or their mixture could not activate the target enzymes.
In the present study we compared the Cac+-dependent change in the helical structure of calmodulin with those of fragments. We found a clear difference in the helical structures between calmodulin and a mixture of the fragments. The difference suggests a significance of the a-helical region in the interaction of calmodulin with target proteins.
Materials and methods. Preparation of scallop calmodulin and its tryptic fragments, F12 (1-75) and F34 (78-148), were described.3> CD spectrum was measured using a JASCO J500A spectropolarimeter equipped with a data pro- Fig. 1 . In the presence of 1 mM CaC12, the spectra were superimposed on each other within a limit of sensitivity. It suggests that the secondary structure of Ca2 +-saturated calmodulin at pH 5.6 is identical to that at pH 7.0. On the other hand, CD spectra observed at pH 5.6 and pH 7.0 in the presence of 0.5 mM EGTA were slightly different, although the difference in ellipticity at 222 nm for Ca2+-free calmodulin was less than 4%. We concluded from these results that the secondary structure of calmodulin is stable between pH 5.6 and 7.0 especially in the Ca''-saturated state. It is then likely that the structure of Ca'-saturated calmodulin at pH 7.0 is identical to the crystalline structure determined at pH 5.6.1) In order to compare the secondary structures of calmodulin and its fragments, their CD spectra were recorded at different Ca2+ concentrations.
The resulting Ca2+ dependence of the mean residue ellipticity at 222 nm, [0]222, were shown in Fig. 2 . Estimated a-helix content in both Ca2+-free and Ca2+_ saturated states are summarized in Table I . The apparent affinities for Ca2+ which were described as the Caconcentration giving half maximal change were also collected. a-Helix content of Ca2+-saturated calmodulin was 53.2% and those of F12 and F34 were in the range from 51 to 53%, irrespective of the presence or absence of NaCI. They are apparently identical within the experi- In the Ca-free state, however, a-helix content decreased to a characteristic level of each protein and also it depended on the concentration of NaCI. a-Helix contents were in the range from 40 to 45 ~o in the presence of 0.1 M NaCI, while it was from 34 to 43% in its absence.
Generally, a-helix content of F12 was the highest in Ca2+-free state. The Cat-dependent structural changes of these proteins occurred at the same pCa range. The pCal/2 at 0.1 M NaCI was observed at 5.5 to 5.6 and pCal/2 without addition of NaCI was 6.1 to 6.3. The results suggest a competition of Na+ to Cat+. In Table I are shown results of F4 (107-148) which consists of a single EF hand structure. Compared with the results of F12, F34 and calmodulin, a-helix content of F4 is about a half of other values even in the Cat+-saturated state. In the Ca2+-free state, a-helix content of F4 was only 8%. Ca2+ binding to F4 caused a large conformational change and it was three times increase in the a-helix content, although the Ca2+ affinity is about 1000 times lower than those of proteins consisting of paired EF hand structures. Similar results to that of F4 were obtained with other fragments of a single EF hand structure, CN1(1-36), T4(38-71), and CN6-7 (77-124) .
In order to see the structural difference between calmodulin and the fragments F12 and F34, [6] 222 values for F12 and F34 were added up. Correction for their weight contribution in a calmodulin molecule2> was made following equation (1) .
[0] 222 +F34=0.504 [0] 222 +0.496 [0] 222 .
(1) The resulting value gives a presumable model structure of calmodulin, assuming that N-and C-domains do not interact in calmodulin. The calculated values were shown in Fig. 2 as dotted lines. As shown in Fig. 2A the dotted line is very close to the experimental results of calmodulin in the presence of 0.1 M NaCI. It agrees with our previous experimental results of Cat + binding3) and 1H NMR spectra4), indicating apparent independence of two domains in calmodulin. On the other hand, the dotted line did not agree with the results of calmodulin, especially at lower Ca2+ concentrations in the absence of NaCI (Fig. 2B) . As a result a-helix content of F12 + F34 is 16% higher than that of calmodulin (Table I) . Therefore, interaction between N-and C-domains of calmodulin may be probable at low ionic strength. Tryptic cleavage of calmodulin at a sequence of the central a-helix (-A1a73-Arg74-Lys75-Met76-Lys77-Asp78-) to yield F12 (1-75) and F34 (78-148) deletes a dipeptide Met76-Lys77.3> An electrostatic repulsion of the three positive charges in this region of calmodulin may be related to the interaction. The interaction is possibly released in 0.1 M NaCI or by the tryptic digestion. We cannot yet explain how this interaction concerns the association of calmodulin with target protein, but the suggested latent flexibility in the central a-helix may give a clue to us.
